the US government has proposed the development of scientific centers of excellence to solve global challenges. We propose such a center of excellence devoted to the genomic analysis of mediterranean populations of all creeds. this genomic focus is rooted in the region's demographic history, builds on the area's rapidly developing expertise in human genetics, and will yield scientific discoveries of both local and global significance. the genome sequence data of mediterranean populations will offer unique insights into human evolution and early human migration. the potent combination of highly consanguineous populations in the mediterranean's southern and eastern rims and regional medical and scientific expertise could lead to the identification and characterization of many genes responsible for human disease. Such discoveries will enable genetic knowledge to be translated into medical knowledge that will benefit local populations and contribute substantially to the understanding of the genetic bases of human diseases worldwide.
In Cairo in June 2009, US President Obama spoke of the importance of international collaboration for scientific and technological development 1 . This speech was followed by fact-finding visits by American Science Envoys to the Middle East, North Africa, Europe, and South and Southeast Asia 2 .
Shared genes and shared cultures are key factors that unite people. As a group of Mediterranean geneticists committed to addressing local genetic issues and to borderless global scientific collaboration 3 , we welcome the US initiative. We propose that human genomics is an excellent common resource for addressing common challenges and for deepening existing scientific relationships in the Mediterranean basin across all countries and populations.
In this commentary, following discussions held during the Mediterranean Medical Genetics Meeting (MediMedGen) at Bilkent University in Ankara in June 2009, we propose a genomics initiative consisting of collaborative studies in human genomics that can provide a solid foundation to the American Science Envoys Program, with practical benefit to people in the region and worldwide.
A vision for Mediterranean collaboration in human genomics
Sequencing the human genome generated a landmark scientific resource that provides a common platform for biomedical research. To realize the promise of genomic medicine will require further advances on several fronts, including reductions in sequencing and data analysis costs to enable many more individual sequences to be generated, more complete annotation of the human genome sequence, the creation of additional computational tools and databases, the translation of human genomic research into clinical practice, the delivery of services through national health systems, the development and training of a skilled workforce, and consideration of the ethical, social and legal issues that accompany these innovations 4 .
Although local issues exist, these challenges are global. The human genomics initiative for the Mediterranean region that is proposed here makes a unique contribution to science and medicine because it takes advantage of the specific strengths and characteristics of the region's population and undertakes an integrated approach, using both whole-genome sequencing of Mediterranean individuals and family-based studies to identify genes for specific diseases.
c o m m e n ta r y Sequencing a sufficient number of representative Mediterranean individuals will provide a reference and scaffold for further genetic studies in the region. As rapid advances in DNA sequencing technology have led to marked reductions in cost as well as profound improvements in efficiency over the last decade, there are now many sequencing centers worldwide, including in the Mediterranean basin. This capacity could be further developed and exploited to contribute to the understanding of human genetic variation in a concerted fashion. It would be feasible to generate a comprehensive Mediterranean catalog of single nucleotide and small insertion-deletion polymorphisms and copy number variations, with corresponding allele and haplotype frequencies and linkage disequilibrium patterns. Performing such studies locally will lead the regional community into the next stage of genomic studies. To ensure free and open access to the data generated, a virtual database, Genotheca Mediterranea, could be established.
It has become increasingly difficult to define mutations as causative as the extent of human variation has been revealed. There is a renewed realization that one means of addressing this complexity is by linking functional mutations with specific phenotypes, a link that is highlighted, often in stark relief, by recessive diseases. Although in most populations recessive deleterious mutations will never be fully expressed, such mutations and their effects become clearly evident in consanguineous populations, where individuals homozygous for a deleterious trait are significantly more common. In this respect, studies in Mediterranean populations can provide a new genotype-phenotype map of the human genome.
Consanguinity and disease gene identification in Mediterranean populations
The southern and eastern rims of the Mediterranean basin have among the highest levels of consanguinity in the world, comprising part of a region of consanguinity that extends from the southern shores of the Mediterranean Sea through the Middle East, Mesopotamia, the Gulf and the Indian subcontinent to Southeast Asia. The roots of consanguinity in Mediterranean populations date to ancient times 5 , reflecting both historical and contemporary social preferences for marriages between relatives. The social and cultural advantages of this practice include maintenance of family structure and property, and financial advantages relating to dowry. Better relations with in-laws, and the perception that consanguineous marriages might be more stable than marriages between non-relatives, are also important. At present, in many areas of the region ~25% of marriages are between first cousins. True rates of consanguinity are even higher because there is additional endogamy (that is, marriage within the extended clan; hamuleh in Arabic, hısım in Turkish) 6 , leading to homozygosity rates greater than those predicted by the degree of kinship alone 7 . By contrast, consanguinity on the northern rim of the Mediterranean basin is generally low.
Consanguinity has a direct impact on the frequency of recessive diseases. With multiple layers of consanguinity, the number of individuals affected with any recessive disease is proportional to the disease allele frequency. By contrast, in a large, randomly mating population, the number of affected individuals is proportional to the square of the disease allele frequency 8 . Coupled with the large family size that is characteristic of the southern rim of the Mediterranean and the Middle East, this statistic results in increased frequency of recessive disease, creating human and medical challenges, but also the scientific opportunities to address them.
Recessive diseases in consanguineous communities vary in frequency, based on the ages of the mutations responsible for them and selective pressures on the phenotype 9 . The hemoglobinopathies, G6PD deficiency and familial Mediterranean fever are frequent throughout the region. Inherited hearing loss, Bardet-Biedl syndrome and Meckel Gruber syndrome are frequent in many communities in the region. Other conditions appear in a local community or clan, or specifically in one family. The number of diseases is very large, because any mutation that is not lethal early in pregnancy can be revealed through consanguinity. Many of these traits, particularly the most rare, have not yet been studied. For example, of the 577 recessive diseases that have been reported in Arab families (http://www.cags.org.ae/ctga_search. html), the responsible loci are not known for 168. Many other recessive diseases, especially those confined to single families, are not even reported.
The gap in identifying genes responsible for Mendelian diseases is not unique to Mediterranean populations: the molecular bases of at least 3,800 known or suspected Mendelian diseases are unknown (http://www.ncbi.nlm. nih.gov/sites/entrez?db=omim). Southern and eastern Mediterranean populations are unique in that for recessive traits in consanguineous communities, identification of the causative genes is eminently feasible using homozygosity mapping and sequencing. The success of this approach can be seen from the large number of disease genes that have been identified by studying Mediterranean families ( Table 1) .
Current genomics research in the Mediterranean basin
Molecular studies of disease genes began in the 1980s with the identification of the mutation spectrum of X-linked diseases such as Duchenne/Becker muscular dystrophy and hemophilia, and recessive diseases such as the thalassemias, phenylketonuria and cystic fibrosis. These studies extended in the 1990s to linkage mapping of rare diseases, and have evolved today to homozygosity mapping using SNP arrays, which is powerful enough to identify disease loci even in families too small to obtain meaningful results using traditional linkage approaches 10 . In the early years genetic analysis of Mediterranean families was often performed outside the region, in collaborations with American and European centers. However, over time these collaborations have evolved and genetic analyses are increasingly performed in regional laboratories. Examples of genes that have been identified in the region include those responsible for deafness (FGF3, MYO3A, OTOA Table 1 for a comprehensive list). In parallel, biobanks and genomic databases funded through governmental research programs have been established in several countries in the region, with active participation in Orphanet (http:// www.orpha.net/consor/cgi-bin/index.php), the EU-funded portal for rare diseases and orphan drugs. If properly supported, these developments in general and local capacity are likely to lead to an explosion in gene discovery c o m m e n ta r y which in the near future might be limited only by the phenotype discovery rate.
World Health Organization statistics indicate that the global burden of disease is shifting from infectious to noncommunicable diseases 11 . Many of these diseases are genetically influenced. The responsible genes can be identified using population resources and tools now at hand. A concentrated effort to solve the genetic bases of noncommunicable diseases will have an important public health impact far beyond the specific alleles identified in the first families to be studied. The genetic dissection of well characterized disease phenotypes in large kindreds will reveal genes that underlie complex, heterogeneous diseases. Indeed, pathways relevant to common diseases are often identified through genes responsible for related rare disorders 12 .
Translating human genomic research into clinical practice As a consequence of consanguinity, the prevalence at birth of severe congenital genetic disorders in the eastern Mediterranean is among the highest in the world: >65 affected children per 1,000 live births 13 . From a regional perspective, programs that address recessive diseases have a high priority and need to go beyond gene identification to the characterization of the mutational spectrum relevant to each locale, and to the provision of community-based medical genetics services. This extremely sensitive issue, owing to its ethical, legal and social aspects, can best be addressed by professionals from the same cultures as the affected families, and this is most likely to lead to clinically effective outcomes. From a global perspective, this agenda is relevant to the challenges of the post-genome era 14 , especially in the fields of personalized medicine and identification of new drug targets emerging from genomic analysis of common and rare diseases. According to currently available statistics, more than 1,500 laboratories perform genetic tests in the EU, and the annual growth in testing is close to 300%. With a population size comparable to the EU, the development, harmonization, validation and standardization of genetic testing services is a high-priority area in the Mediterranean basin.
The implementation and delivery of services through national health systems is not easy, but the large and diverse populations of the Mediterranean basin have access to excellent universities, institutes and clinics. In many parts of the region, medical genetics is a recognized clinical specialty or sub-specialty, strengthened by highly trained dysmorphologists, pediatricians and human geneticists. Close collaboration with the European Society of Human Genetics, the American Society of Human Genetics and the American College of Medical Genetics has led to many national and regional congresses, workshops, and symposia focused on training, education, and workforce planning in medical genetics. Future MediMedGen meetings are planned, including one in Cyprus in 2011. The Mediterranean basin is also the home of the European Genetics Foundation, which organizes regular courses in genetic medicine, attended by more than 6,000 students over the last two decades (http://www.eurogene.eu/). To address the standardization and harmonization of genetics services, Mediterranean geneticists have taken active roles in projects such as EuroGenTest (http://www.eurogentest. org/), MedGenMed and MedGeNet (http:// www.eurogene.eu/), through which resources for assessing and addressing ethical, social and legal issues are also available (http://www.cags. org.ae/ctga_search.html). Finally, progress in the computational use of medical and genomic data is reflected in genetic and genomic databases of Mediterranean populations that have already been launched 15 . We predict that these assets will be crucial for the integration of genetics research into the delivery of health outcomes in the region and the world.
A plan for the future
On the basis of these considerations, we propose an international collaborative Center of Excellence for Genomics Research in the Mediterranean region, supported by international and national funding agencies. We suggest that this Center of Excellence be geographically decentralized and function as a network of researchers and genomics research centers whose primary remit would be to support and facilitate joint research proposals. Members of the Center would include scientists from the region and those supporting the development of genomics in the region. They would engage in projects centered in Mediterranean laboratories whenever possible, and involving transfer of technology and training, to make the Mediterranean focus increasingly realistic with time.
There is much greater strength in using resources to support science in existing institutions rather than creating a new physical structure. A decentralized, international, collaborative, investigator-initiated model alleviates hurdles of bureaucracy and facilitates international decision-making. We believe that work to facilitate the generation of wholegenome sequence data from representative Mediterranean populations, and the discovery and characterization of genes based on well defined phenotypes in large kindreds and/or consanguineous families, should be scientifically and socially attractive to funding agencies within and beyond the Mediterranean region. A wide range of human traits, both rare and common, could be evaluated. The proposed scientific structure and objectives are excellent models and realistic goals for collaborative genomics for human health and cooperation in the Mediterranean basin, and could have an important impact on public health.
Conclusion
During the past two decades, working with families from the Mediterranean region, scientists from Algeria, Cyprus, Egypt, France, Greece, Israel, Italy, Jordan, Lebanon, Morocco, Palestine, Tunisia and Turkey have collaborated with each other and with geneticists worldwide to identify the genes responsible for many inherited diseases, both common and rare. Active collaborations across the region are presently exploring human genomic variation to better understand susceptibility and resistance to disease. These projects demonstrate the shared culture and goals of human genetics, and serve as a testimony to the commitment to international collaboration. The present interest of the US government encourages us to take another important step in these efforts.
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